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Abstract: CoCrNi equiatomic medium entropy alloy sheets were prepared by asymmetric rolling,
cryorolling, and asymmetric cryorolling. The asymmetric cryorolled samples exhibited a noteworthy
ultra-fine-grain heterogeneous lamella structure. The microstructure and corresponding hardness
obtained by different rolling processes and subsequent annealing are compared. It can be seen from the
results that the cryogenic deformation temperature had a stronger effect on the mechanical properties
of the medium entropy alloys (MEA), compared with the shear strain caused by the asymmetric
cryorolling. The effect of annealing temperature on texture components and volume fractions of the
specially rolled samples was also analyzed. The result revealed that the recrystallized MEA exhibited
similar texture components and the corresponding volume fraction, which indicated that the rolling
process had limited influence on the formation of annealing texture. The recrystallized texture after
annealing retained the deformation texture and twin related orientations appeared. Asymmetric
rolled MEA showed strong random composition than symmetric rolled MEA regardless of rolling
temperature. The recrystallized textures of the species obtained by the three rolling processes did not
exhibit a significant dependence on the annealing temperature.

Keywords: CrCoNi alloy; medium entropy alloy; thermomechanical processing; texture; heterogeneous
structure; asymmetrical cryorolling

1. Introduction

High entropy alloys (HEAs) are a popular direction for the current development of material
science, which have many unique structures and characteristics due to their special composition.
The HEAs have been found to have many excellent properties that exceed traditional alloys, such as
high hardness [1], high strength [2–6], high plasticity, high toughness [7,8], high fatigue resistance [9],
strong corrosion resistance [10], strong radiation resistance [11], and ultra-high tensile properties and
plasticity at cryogenic temperatures [12]. They have great potential to replace and upgrade current
industrial alloys and are the development direction of future materials. Medium entropy alloys (MEAs)
are based on the concept of high entropy alloys, a new type of multi-component alloy with three or
four principal elements as the characteristics and mixing entropy of 1R or 1.5R [13]. While having the
distinguished properties of high entropy alloys (the lattice distortion effect; sluggish diffusion [14,15]),
medium entropy alloys also perform excellent even better mechanical properties. In the comparison
of the properties of the equiatomic medium entropy alloys and the high entropy alloys, the ternary
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equiatomic middle entropy alloy CoCrNi was found to have the highest strength. Interestingly, it also
has the highest plasticity, and it stably exhibits such advantageous performance in a wide range of
test temperatures [16]. Likewise, Laplanche et al. [17] found that there were more nano twins in the
deformation process of equiatomic CoCrNi MEA compared with the classical equiatomic high entropy
alloy CoCrNiFeMn. The existence of deformation twins in an extended strain range imparted a good
strength–ductility synergy [17]. The equiatomic medium entropy CoCrNi alloy has become a new
interest in the research of medium entropy alloys because of its simple, stable crystal structure and
excellent mechanical properties. However, the current research mainly focuses on the evolution of
the recrystallized structure of MEA after plastic deformation [18,19] and the influence of nano twins
on the properties of alloy [17,20–24]. Nevertheless, considering the actual investment in industrial
production applications, it is necessary to further study the changes in the microstructure and texture
of the alloy during plastic deformation and recrystallization during mechanical processing.

As an interesting thermo-mechanical processing (TMP) route, cryorolling can bring obvious grain
refinement and improve materials properties by inhibiting the dynamic recovery and improving
the twinning activity during the deformation process. Asymmetric cryorolling can introduce more
shear strain to bring better thinning effect [25,26]. These researches mainly focus on some traditional
alloys [27–31], and there are few studies on HEAs or MEAs. It is meaningful to combine the two
process to study whether there will be more interesting coupling reactions. In the previous work [32,33],
we found that the rolling speed ratio (1.2, 1.4, and 1.6) and cryogenic temperature (−190 ◦C) could have
an obvious impact on the performance of the equiatomic medium entropy alloy CoCrNi, especially
when the rolling speed ratio is 1.4, compared with the ordinary rolling process, the MEA obtained
by asymmetric cryorolling had an obvious performance improvement effect, and the strength and
plasticity are improved at the same time. These results show that asymmetric cryorolling is very
suitable for producing higher-performance MEAs, and it is also meaningful to analyze the crystal
texture of the material obtained by this TMP route. Therefore, we chose the asymmetric cryorolling
with the rolling speed ratio of 1.4 and compared it with cryorolling and asymmetric rolling. The reason
for choosing 1.4 here is because it is more typical compared to rolling speed ratio of 1.2 (relatively low)
or 1.6 (relatively high) and can better representing the deformation features of asymmetric rolling.
At the same time, it showed excellent mechanical properties when the rolling speed ratio is 1.4, and it
is more valuable to study it. In the paper, we studied the evolution of texture components, strength,
volume fractions and corresponding microstructure with the different temperatures annealing. It was
aimed to further understand the MEAs produced by these special processes and to fill the gaps in
texture research of the asymmetric cryorolled CoCrNi MEAs.

2. Experimental

The experimental equiatomic CrCoNi alloy ingots were prepared by vacuum arc melting and
the test specimens for rolling were prepared by wire cutting. The initial thickness of the specimen
was 1 mm. These sheets were asymmetrically rolled (room temperature, rolling speed ratio of 1.4),
cryorolled (−196 ◦C), and asymmetric cryorolled (−196 ◦C, rolling speed ratio of 1.4) to a final thickness
of 0.2 mm in 9 passes. To maintain cryogenic temperatures during the cryorolling and asymmetric
cryorolling, the samples were immersed in liquid nitrogen for more than 10 min before each rolling
pass. These rolled samples were then isochronally annealed at 600 ◦C, 700 ◦C, and 800 ◦C for 30 min.

The microstructure and texture were characterized by using an electron backscatter diffraction
(EBSD) system (Oxford Instruments, Nordlys, Abingdon, Oxfordshire, UK) at Institute of Metal Research
(China Academy of Sciences, Shenyang, Liaoning, China). The samples for EBSD observations were
mechanically polished and then were ion-etched using a Leica RES101 ion-etcher (Leica Microsystems,
Ernst-Leitz-Strasse, Wetzlar, Germany). The step size for the EBSD measurements was 0.0754 µm.
The EBSD tests were taken from the ND–RD plane close to the center of the deformed specimens to
reveal the microstructure. The orientation distribution function (ODF) in this paper illustrated the
TD-RD section of the samples processed at different rolling conditions and annealing temperatures.
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The acquired EBSD results were analyzed using the HKL Channel 5 Software. The texture volume
fractions were calculated by the texture component function, the volume fraction of individual texture
components was calculated using a spread of 10◦ from their ideal orientation.

Micro-hardness tests were performed on the HXD-2000TMC/LCD (Taiming, Shanghai, China)
digital micro-hardness tester with a load of 4.903 N and a retention time of 10 s. Five evenly distributed
locations were selected on each sample for measurement to ensure accurate experimental results.
The variance of each group of data was calculated to obtain the final hardness value.

3. Results and Discussion

Figure 1 shows the coincidence site lattice (CSL) grain boundary (GB) diagrams of the asymmetric
rolled, cryorolled, and asymmetric cryorolled equiatomic medium entropy CoCrNi alloy. Figure 1a,c,e
depicts the CSL grain boundary after annealing at 600 ◦C, and Figure 1b,d,f represents the CSL grain
boundary after annealing at 800 ◦C. Red, green, purple, yellow, and pink lines correspond to

∑
3,
∑

5,∑
9,
∑

11, and
∑

27 boundaries, respectively. It is evident from Figure 1 that a high proportion of
∑

3
boundaries, while few

∑
9,
∑

27,
∑

5,
∑

11 boundaries and other special grain boundaries were observed
in all the samples. It could be seen that asymmetric rolled CoCrNi MEA samples have obvious
coarse-grained and fine-grained layer structures, and cryorolled CoCrNi MEA samples have a finer
microstructure. The stacking fault energy of CoCrNi medium entropy alloy is very low, even lower
than that of CrMnFeCoNi high entropy alloy, which promotes a high tendency to produce

∑
3 twin

boundaries [17,34,35]. Correspondingly, a large number of red
∑

3 grain boundaries were observed
in Figure 1. Meanwhile, it is worth mentioning that most of the

∑
3 grain boundaries in the CoCrNi

MEA annealed at 600 ◦C were curved. While in the CoCrNi MEA annealing at 800 ◦C, the degree of
recrystallization was further increased, at this time, the

∑
3 grain boundaries were generally straight,

which is consistent with the change after annealing of CoCrFeNiMn high entropy alloy observed by
Tang et al. [36]. Furthermore, the research of Thomson et al. [37] revealed that as the annealing progress,
the degree of recrystallization increases, and the curved incoherent

∑
3 grain boundaries would be

transformed into straight coherent
∑

3 grain boundaries through fine tuning. The curved
∑

3 twin
boundary is a mobile incoherent grain boundary, and would react with other grain boundaries during
this process. The

∑
9 grain boundaries could be formed by the twinning reaction of the incoherent∑

3 grain boundaries when impinged with each other, as a result, a relatively large number of
∑

9
boundaries were observed in the 600 ◦C CoCrNi MEA, as illustrated in Figure 1a,c,e. According to
the theory of ‘

∑
3 regeneration model’, the impingement of

∑
3 and

∑
9 is more inclined to generate∑

3 grain boundaries rather than
∑

27 grain boundaries for CoCrNi medium entropy alloys with low
stacking fault energy and greater mobility. Consequently, a large number of

∑
3 grain boundaries

were still observed in the samples annealed at 800 ◦C [38]. At the same time, this also explain the
phenomenon of less

∑
9 ratio observed in Figure 1b,d,f after annealing at higher temperature, which is

also consistent with the phenomenon observed by Dan Sathiaraj et al. [39].
Figure 2 depicts the corresponding grain size distribution of the equiatomic CoCrNi MEA after

asymmetric rolling, cryorolling, and asymmetric cryorolling followed by annealing. It could be seen
that the majority of the grain sizes are sub-micron level, mainly distribute in the range of 0–0.25 µm.
The grain size distribution after annealing at 600 ◦C is mainly in the range of 0–6.25 µm (Figure 2a,c,e)
compared to that of 0–9.75 µm after annealing at 800 ◦C (Figure 2b,d,f) which exhibits obvious grain
coarsening. It is evident from Figure 2 that the overall average grain size is in the micron range and
has an ultra-fine grain structure. This result may be attributed to the sluggish diffusion characteristics
of the high entropy alloys [40] and the fine microstructure in the rolled CoCrNi MEA before annealing.
As shown in Figure 2a,b, large-scale grains of 5.75–6.25 µm and 9.25–9.75 µm appeared in the room
temperature asymmetrically rolling MEAs annealed at 600 ◦C and 800 ◦C, respectively. This result
indicates that asymmetric rolling is feasible for producing heterogeneous lamellar structure. As shown
in Figure 2c,d, the upper limit of grain distribution of the cryogenic symmetrically rolled CoCrNi MEA
annealed at 600 ◦C and 800 ◦C (4.75 µm, 5.75 µm) was significantly smaller than that of asymmetrically
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rolled at room temperature (6.25 µm, 9.75 µm). Meanwhile, the proportion of ultra-fine grain size
(0–0.25 µm) of the two was nearly the same, and the overall average grain size of the cryogenic
symmetrically rolled and annealed CoCrNi MEA was less, which verified the better effect of cryogenic
rolling on grain refinement. As shown in Figure 2e,f, the CoCrNi MEA of asymmetric cryorolling
had the smallest upper limit of grain size distribution at 600 ◦C, large-scale grains of 8.75–9.25 µm
were observed after annealing at 800 ◦C. As shown in Figure 1b,f, the large-scale grains of asymmetric
cryorolling was smaller than of asymmetric rolling. In addition, it can be obviously observed that
the size of the small-grain of the asymmetric cryorolled CoCrNi MEA annealed at 800 ◦C was finer,
compared with the MEAs obtained by other two processes (Figure 1b,d,f). This indicated that that
the asymmetric cryorolling process could bring obvious grain refinement, while still maintaining the
obvious difference in coarse and fine grains of the asymmetric rolling.

Figure 1. Coincidence site lattice (CSL) GB maps of (a) asymmetrically rolled medium entropy alloys
(MEA) CrCoNi with annealing at 600 ◦C, (b) asymmetrically rolled MEA CrCoNi with annealing
at 800 ◦C, (c) cryorolled MEA CrCoNi with annealing at 600 ◦C, (d) cryorolled MEA CrCoNi with
annealing at 800 ◦C, (e) asymmetric cryorolled MEA CrCoNi with annealing at 600 ◦C, and (f) asymmetric
cryorolled MEA CrCoNi with annealing at 800 ◦C.
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Figure 2. Grain size distribution of (a) asymmetrically rolled MEA CrCoNi with annealing at 600 ◦C,
(b) asymmetrically rolled MEA CrCoNi with annealing at 800 ◦C, (c) cryorolled MEA CrCoNi with
annealing at 600 ◦C, (d) cryorolled MEA CrCoNi with annealing at 800 ◦C, (e) asymmetric cryorolled
MEA CrCoNi with annealing at 600 ◦C, and (f) asymmetric cryorolled MEA CrCoNi with annealing
at 800 ◦C.

Figure 3 depicts the orientation distribution function (ODF) sections of the CoCrNi MEA
after asymmetric rolling, cryorolling, asymmetric cryorolling followed by subsequent annealing,
displaying important recrystallization texture components and α-fiber observed in the CoCrNi MEA.
Their corresponding Euler angles and Miller indices are given in Table 1. The ODF in Figure 4 illustrates
the TD-RD section of the samples processed at different rolling conditions and annealing temperatures.
The φ2 = 0◦ ODF sections of the CoCrNi MEA after annealing at 600 ◦C (Figure 4a,c,e) exhibited the
development of a weak and discontinuous α-{110}fiber extending from the {110}<001>Goss to the
{110}<110>Rotated Goss through the {110}<115>G/B, {110}<112>Brass, and{110}<111>A orientations.
The A component is the first order twin related to G/B [39]. α-{110} fiber texture was also observed
in the samples annealed at 800 ◦C and showed the maximum intensity located near {110}<115>G/B
and {110}<111>A. Obvious retention of deformation texture was observed. A number of previous
studies on the five-element CoCrFeNiMn high entropy alloy and the quaternary CrFeCoNi medium
entropy alloy also displayed the existence of deformation texture in the recrystallization texture [41–44].
The retention of deformation texture usually occurs in case of prolonged recovery or primary or
discontinuous recrystallization without any preferential orientation selection. Based on the softening
mechanism of HEAs [42], the extended recovery is ruled out, so this phenomenon was explained by
the discontinuous recrystallization mechanics without preferential orientation selection [43]. A similar
trend of retention of deformation texture after annealing was observed in twinning-induced-plasticity
(TWIP) steels. The micro shear bands in the deformed materials of both had no significant contribution
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to the preferential nucleation analysis [41,43]. The presence of the relatively strong {110}<111>A
component corresponded to the large number of

∑
3 twin boundaries in Figure 1. Furthermore, the

low stacking fault energy (SFE) of CoCrNi MEA could lead to numerous annealing twins, which in
turn enhances the formation of the {110}<111>A component [43,45]. The BS orientation was weak
due to the slower recrystallization kinetics of the BS orientation region. During the recrystallization
process, the region near BS orientation was gradually replaced by adjacent recrystallized grains due
to the slower recrystallization rate [43]. The {142}<211>K component was observed in the φ2 = 15◦

ODF sections and the corresponding strength of K component increased with increasing annealing
temperature from 600 ◦C to 800 ◦C. The typical brass recrystallization (BR) {236}<385>BR component
was observed in the φ2 = 35◦ sections. In low SFE alloys such as brass, there is often a strong
BR component after annealing due to the nucleation at shear bands and subsequent preferential
growth [46]. However, at φ1,φ,φ2 = 80◦, 31◦, 35◦ sections, no obviously strong BR component was
observed. The BR component was relatively weak, there is less tendency to preferential nucleation in
HEAs, which corresponds to the retention of the deformation texture in the φ2 = 0◦ sections. This
phenomenon is similar to that observed in other annealed HEAs and MEAs [39,42,43,47]. In the
φ2 = 45◦ sections, strong {113}<332>D component was observed nearby φ1,φ,φ2 = 90◦, 25◦, 45◦.
The α-fiber twin related texture components were observed. While D and K components have first
order twin relation with G [32]. {123}<634>S component and strong {13 6 25}<20 15 14>M component
were visible in theφ2 = 65◦ sections. The parameters of the ideal texture components referred above are
derived from [39,41,42]. The texture composition of the asymmetric rolled, cryorolled, and asymmetric
cryorolled CoCrNi MEAs followed by subsequent annealing did not show significant change with
annealing temperature. Similar behavior was also observed in the studies of symmetric rolling in
previous reports of HEAs and MEAs. It might could attribute to the effect of sluggish diffusion of the
HEAs, which could also lead to higher fraction of random components in HEAs [39,41–44,48].

Previous studies on texture have reported that process parameters such as imposed strain, strain
path, annealing temperature have a relatively great impact on the recrystallization texture of FCC
metals [49]. However, in the present study, although the rolling process enhanced the microstructure
and mechanical properties of CoCrNi medium entropy alloy significantly, the CoCrNi MEA that
underwent annealing and recrystallization formed a similar texture composition. This should be due
to the absence of obvious preferential nucleation and preferential growth during annealing. Similar
situations have been reported in other HEA studies. When the mechanical properties and structure of
the equiatomic CoCrFeMnNi high entropy alloy after rolling with different strains were different, the
recrystallization texture of the alloys showed similar recrystallization texture [42].

Table 1. Important recrystallization texture components in the CoCrNi MEA.

Texture Component Symbol Euler Angle Miller Indices

Cube(C) 0, 0, 0 {001}<100>

Copper(Cu) 90, 35, 45 {112}<111>

Goss(G) 0, 45, 0 {110}<001>

Brass(Bs) 35, 45, 0 {110}<112>

S 59, 37, 63 {123}<634>

G/B 17, 45, 0 {110}<115>

A 55, 45, 0 {110}<111>

Rotated Goss(Rt-G) 90, 45, 0 {110}<110>

BR 80, 31, 35 {236}<385>

M 80, 30, 65 {13 6 25}<20 15 14>

D 90, 25, 45 {113}<332>

K 27, 64, 14 {142}<211>
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Figure 3. Schematic representation of important recrystallization texture components and α-fiber observed
in the CoCrNi MEA, orientation distribution function (ODF) sections at φ2 = 0◦, 15◦, 35◦, 45◦, and 65◦.

Figure 4. ODFs (φ2 = 0◦, 15◦, 35◦, 45◦, and 65◦ sections) sections of (a) asymmetrically rolled CoCrNi
MEA with annealing at 600 ◦C, (b) asymmetrically rolled CoCrNi MEA with annealing at 800 ◦C,
(c) cryorolled CoCrNi MEA with annealing at 600 ◦C, (d) cryorolled MEA CrCoNi with annealing at
800 ◦C, (e) asymmetric cryorolled CoCrNi MEA with annealing at 600 ◦C, and (f) asymmetric cryorolled
CoCrNi MEA with annealing at 800 ◦C.

The change in texture composition of the equiatomic CoCrNi alloy after asymmetric rolling,
cryorolling, and asymmetric cryorolling followed by annealing at different temperatures is displayed
in Figure 5a–c. The asymmetric rolled and annealed samples showed stronger random components
compared to symmetric rolled and annealed CoCrNi MEA. In Figure 5, the random component was
expressed as R (sum of volume fraction of components other than those shown in Table 1). The total
volume fraction of the α-fiber (the sum of the volume fractions of the components along the α-fiber,
namely G, G/B, BS, G/B(T) and Rt-G, in Figure 5, the α-fiber was expressed as α) did not exhibit
significant changes and each texture component showed only a slight change with the annealing



Crystals 2020, 10, 1154 8 of 12

temperature. It is consistent with the results from the ODF sections in Figure 4. Haase et al. [50]
reported that the main influence mechanism of texture randomization was the formation of twins
during annealing, and the retention of deformation texture components in the recrystallization texture
was mainly due to the nucleation of new grains at the grain boundary closed to the parent grains.
Figure 5d depicts the change in texture index (characterizing texture intensity) with the annealing
temperature. It can be seen in Figure 5d that in the CoCrNi MEA under any rolling process, the texture
index increases with an increase in annealing temperature, corresponding to the ODF sections of
Figure 4, it was also observed that the MEA annealed at 800 ◦C had stronger texture components.
It is in agreement with the research results of the cold-rolled and annealed CoCrFeMnNi high
entropy alloy [41].

Figure 5. Variation of texture components with annealing temperature in (a) asymmetrically rolled
CoCrNi MEA, (b) cryorolled CoCrNi MEA (c) asymmetric cryorolled CoCrNi MEA; (d) comparison of
the variation of texture index with annealing temperature between asymmetrically rolled, cryorolled
and asymmetric cryorolled CoCrNi MEA.

Figure 6 shows the microhardness variation with the rolling and annealing conditions, plotting the
hardness as a function of rolling process methods. It evident that the hardness obtained after cryorolling
is higher than that after asymmetric rolling, while the hardness of the MEA obtained by asymmetric
cryorolling is higher than the both. The difference between the hardness obtained after cryorolling and
asymmetric cryorolling is relatively small, and they are significantly higher than the hardness obtained
after asymmetric rolling. This is also consistent with the previous analysis of the grain size distribution
about Figure 2. The overall average grain size of the cryorolling material is significantly smaller. These
results suggest that deformation temperature has a larger contribution to the mechanical strength
improvement of our studied MEA, compared to the shear strain introduced by asymmetric rolling.
According to previous studies [51–54], it has been proven that dislocation density and deformed
microstructure is greatly affected by the deformation temperature for various metallic materials.
The suppression of dynamic recovery by cryogenic deformation temperature leads to high defect
density, which brings more potential nucleation sites during annealing and leads to finer grains [26].
The similar phenomenon has also been obtained in the current study. Moreover, the difference in
hardness caused by different rolling process methods are almost kept even when annealing temperature
is less than 700 ◦C. When annealing temperature reaches 800 ◦C, the hardness of asymmetric cryorolling
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deformed MEA is obviously higher than the other two. Corresponding to Figure 1, it can be seen that
the large-scale grains of asymmetric cryorolling was smaller than of asymmetric rolling. Meanwhile,
the size of the small-grain of the asymmetric cryorolled CoCrNi MEA was obviously finer, compared
with the MEAs obtained by other two processes. This showed that the asymmetric cryorolled deformed
MEA after high temperature annealing had better thermal stability. This similar phenomenon has also
been observed in previous studies on cryorolling, asymmetric rolling and asymmetric cryorolling [29],
and this issue will be further studied in the future.

Figure 6. The hardness change diagram of the CoCrNi MEA (a) after asymmetric rolling, cryorolling,
asymmetric cryorolling, and subsequent annealing at (b) 600 ◦C, (c) 700 ◦C, (d) 800 ◦C.

4. Conclusions

The evolution of the texture and microstructure of the equiatomic medium entropy CoCrNi alloy
after cryorolling, asymmetric rolling, and asymmetric cryorolling followed by subsequent annealing
was investigated in the present work. Based on the research results, the following conclusions are
drawn:

(1) As the annealing temperature increases, the
∑

3 grain boundaries gradually becomes straight
from curve. The grain sizes of the annealed samples were mostly in the sub-micron. After high
temperature annealing, the ultra-fine grain structure with an average size in the micron level
were still maintained. The CoCrNi MEA after cryorolling and subsequent annealing had a high
proportion of ultra-fine (0–0.25 µm) grain size distribution and the upper limit of grain size was
lower, compared with other rolled sample. Meanwhile, the asymmetrically rolled and annealed
samples had an obvious two-stage grain size distribution. Asymmetrically cryorolled samples
still remained heterogeneous grain size characteristics after high temperature annealing with
finer small-grain and lower large-scale grain size.

(2) Annealed and recrystallized samples formed similar texture components and texture strength
increased with increasing annealing temperature. After annealing, the α-fiber textures such as G,
G/B, Bs, A, and S textures were retained. A few orientations generated by annealing twinning
were also observed. The asymmetric rolled and annealed samples exhibited stronger random
components than symmetric rolled and annealed samples. The annealing temperature had little
effect on the volume fraction of different texture components.
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(3) The hardness obtained after cryorolling and asymmetric cryorolling are similar, which are
relatively higher than the hardness obtained after asymmetric rolling. It is mainly attributed to
that deformation temperature has more significant effect on improving the mechanical properties,
compared to the shear strain introduced by asymmetric rolling.
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